Abstract: We used line transects and distance sampling in combination with radiotelemetry to estimate density of a desert tortoise (Gopherus agassizii) population in the Rincon Mountains near Tucson, Arizona, USA, as part of a longterm study evaluating the impact of urban development on tortoises. During 2000, 34 1-km transects were each sampled twice in the 368.5-ha study area. We observed 46 tortoises with midline carapace lengths >150 mm (subadults and adults) plus 7 juveniles on transects. For subadults and adults, the encounter rate was 0.63 tortoises/km, and the mean proportion of tortoises observable during radiotelemetry, conducted concurrently with transect sampling, was 82%. Corrected mean density based on line transects and radiotelemetry was 0.523 tortoises/ha (CV = 22.99, 95% CI = 0.29-0.79), and absolute abundance in the study area was estimated to be 193 (CV = 23.0%, CI = 107-291). Using the 2 independent coverages of transects as separate samples, the Lincoln-Petersen mark-recapture estimator produced an abundance estimate of 224 subadult and adult tortoises (CV = 53.9%, CI = 72-440). Transects measured on the ground over uneven topography resulted in 3% smaller estimates of density when compared to analysis with transect lengths determined from coordinates plotted on a map. Distance sampling appears to be a feasible method of estimating density of Sonoran Desert populations of the desert tortoise, but transect lengths should be based on mapped rather than measured distances to prevent biases caused by uneven topography.
Estimating abundance or density (number of individuals per unit area) of an animal population is important for developing proper conservation policy and management protocols (Gelatt and
. Distance sampling uses measured distances between sampled objects and a central point or line, and a set of assumptions regarding detectability to estimate population density (Burnham et al. 1980 , Buckland et al. 2001 . Measured distances allow for the creation of a detection function, a curve with object detectability decreasing with increasing distance from the center line. Objects need not be marked, so a lack of recaptures does not affect estimates, although a minimum number of objects must be observed for meaningful precision. The major assumptions of distance sampling include (1) objects on the center line are always detected; (2) objects are detected at their initial location, prior to movement in response to the observer; and (3) perpendicular distances are measured accurately (Buckland et al. 2001 ). Because desert tortoises spend a significant amount of time underground, the observable proportion of the population above ground must be independently estimated to meet the first assumption.
Distance sampling over large geographic areas in the Mojave Desert is possible because Mojave tortoises typically occupy valleys and bajadas with 
METHODS

Distance Sampling
We systematically placed 34 transects ( We searched visually for desert tortoises, looking in open ground, under vegetation, and in rock cracks and underground holes. When necessary, we used a mirror (or flashlight on overcast days) to shine light into deep holes. To maintain a consistent detectability criterion to deal with differences in burrow length and tortoise responsiveness to tapping (Medica et al. 1986 ), we did not probe burrows or holes to detect tortoises that were out of sight. We measured the perpendicular distance to the nearest centimeter between the survey tape and each tortoise encountered and recorded GPS coordinates.
We gently removed tortoises found inside shelter sites by hand or by using a snake hook. We identified the sex of each tortoise, measured carapace length, and noted health characteristics. We marked individuals with numbered tags epoxied to the shell and also by notching the marginal scutes (Ernst et al. 1974 ). During handling, technicians wore latex gloves as a precaution against potential disease transfer among individuals. After handling, we rinsed equipment with the veterinary disinfectant chlorhexidine diacetate (Nolvasan; American Home Products Corporation, Madison, NewJersey, USA).
Radiotelemetry
Prior to initiating distance sampling, we affixed radiotransmitters to 9 subadult and adult (hereafter, sub-adult) desert tortoises (>150 mm midline carapace length [MCL]), whose home ranges entirely or partially overlapped the study area. We added 10 additional tortoises during the sampling period for a total of 19. We affixed transmitters (AVM Instrument, Livermore, California, USA) to the right front of the carapace with quick-drying epoxy and ran the antenna along the lateral left costal scutes through rubber tubing to facilitate future transmitter replacement (Boarman et al. 1998 ). We took care not to epoxy across scute seams to avoid disturbing shell growth.
We tracked tortoises using a directional antenna and receiver (Model TR4; Telonics, Phoenix, Arizona, USA) on 21 occasions during the study period; on 13 of these occasions we conducted radiotelemetry simultaneously with distance sampling. Due to time considerations, we did not track all tortoises during each occasion (x = 8.8, SE = 0.81). In addition to data on habitat, behavior, health, and other parameters, technicians recorded whether the tortoise would have been visible by an observer during distance sampling with or without the use of supplemental light (flashlight or reflected sunlight). We calculated the mean daily proportion of tortoises visible (go); we included only days on which >5 tortoises were monitored (n = 18 days). We estimated the standard error of g0 as the mean of the daily binomial standard errors of the proportion visible (Zar 1984 ). to a duplicate data set differing only in that we used the measured transect lengths instead of the mapped 1-km transect lengths.
Density and Abundance Estimation
Program DISTANCE converted density estimates to estimates of absolute abundance based on the study area of 368.5 ha. For comparison, we also computed abundance and associated Poisson 95% CI with the Lincoln-Petersen estimator, using the first coverage of transects as the mark sample and the second coverage as the recapture sample (Krebs 1989 ). Finally, we examined the distribution of all tortoises at the study site with the log-likelihood ratio (G) test by comparing the number of observations on each transect against the Poisson distribution (Zar 1984).
RESULTS
We observed 46 sub-adult and 7 juvenile tortoises on transects (Fig. 1) . We observed 23 females and 18 males, excluding juveniles, and 5 individuals we could not retrieve from their burrows. The mean proportion of sub-adult tortoises visible during radiotelemetry throughout the study was 0.82 (SE = 0.125). There was little difference between this proportion and the proportion observed only on days when both radiotelemetry and distance sampling were conducted Tortoise distribution was not significantly different from random across the study site, based on individual transect data (G3 = 2.358, P> 0.50). However, a pooled comparison of the more hilly, rocky, northeast portion of the study site against the less rocky, more gently sloped southwest portion of the site indicated that tortoises were significantly more common in the northeast than southwest (G1 = 10.302, P< 0.005; Fig. 1 ).
DISCUSSION
A disadvantage of using mark-recapture surveys to estimate desert tortoise abundance is that discrete, intensively surveyed plots (1.0-2.6 km2) are needed to obtain a sufficient sample size (Murray 1993) . Because tortoise density can vary greatly on a local scale, estimating abundance over a geographic area of interest such as a park requires sampling on a series of randomly placed plots, which is not economically feasible in most studies. During our study, more observations were made in the northern portion of the study area, where slopes are steeper and more rock outcrops occur, than in the south. Furthermore, conversion of abundance estimates to density estimates depends on assumptions about animal home ranges ( Freilich and LaRue (1998) showed that observer experience is not a good predictor of ability to find tortoises. In our study, field technicians had little experience surveying desert tortoises, and none had conducted distance sampling for tortoises previously. Specific instruction to focus search efforts within 5 m of the center line appeared to produce good results, a decreasing detection function with a shoulder near the center line (Fig. 2) . The fit of the detection function, and estimator robustness, can also be improved by grouping data in cases of heaping (Buckland et al. 2001 ) , which may seem apparent with smaller samples as a matter of chance (Fig. 2) . Individuals need not be marked during distance sampling, so a lack of recaptures will not result in model failure. Our mark-recapture abundance estimate fell within the 95% confidence interval of our distance-sampling estimate. While we believe that we met the assumptions of the Lincoln-Petersen method (see Pollock et al. 1990 ) and that the estimate is unbiased, the confidence interval is twice as large as that from program DISTANCE (CI widths of 368 and 184, respectively). While this application of the Lincoln-Petersen method is not equivalent to intensively surveying a discrete mark-recapture plot, the result directly illustrates how obtaining only a few recaptures can produce estimates of limited utility due to large uncertainty. Variable environmental conditions can cause dramatic changes in desert tortoise activity (Duda et al. 1999 ) and in mark-recapture-based estimates even at the same site within close temporal proximity (Freilich et al. 2000) . Of course, poor environmental conditions could result in the need to survey more distance sampling transects during those years to obtain enough encounters to estimate density with the same precision as in better years. Likewise, telemetry-estimated detectability may also differ by site and environmental condition, affecting the precision of the density estimate under different conditions. The variance of mean tortoise detectability may also differ by site and environmental condition, affecting the precision of the density estimate under different conditions. With additional study, it may be possible to model go based on environmental variables. A minimum number of encounters are necessary to achieve reasonable precision. Buckland and other population studies. By stratifying transects, we may be able to reduce the variability in our study and increase the overall encounter rate in future surveys. Our data indicated that tortoises were more abundant in the northeastern part of the study area, where slope and percentage of rock cover were greater than on the southwestern part of the study area. Tortoises in the southwestern portion of the study area were strongly associated with drainages (Fig. 1) . Finally, our results highlight a potentially serious bias in abundance and density estimation by measuring transect lengths on the ground in areas of strong topographic relief rather than using mapped coordinates. Our measured total transect length was 3% longer than the mapped distance of 68 km. Therefore, analysis based on the transect lengths measured on the ground resulted in smaller estimates of density and abundance of 3.0% and 3.2%, respectively. The precision of estimates in each analysis was virtually identical, and the confidence intervals broadly overlapped, so the overall effect in our study was small. However, bias associated with topographic relief will increase as relief increases; therefore, it is essential that transects be located using mapped rather than measured distances. Fortunately, the availability of GPS units facilitates obtaining map coordinates in the field.
MANAGEMENT IMPLICATIONS
